INTRODUCTION {#sec1-1}
============

Perinatal pulmonary vasodilation {#sec2-1}
--------------------------------

In utero, oxygen tension is low and pulmonary vascular resistance is greater than systemic vascular resistance.\[[@ref1]\] At birth, the pulmonary circulation undergoes an unprecedented and unparalleled transition, as pulmonary blood flow increases 8- to 10-fold and arterial pressure decreases by 50% within 24 hours concomitant with an increase in oxygen tension, establishment of an air-liquid interface and rhythmic distention of the lung.\[[@ref2]--[@ref4]\]

In 1953, Dawes and coworkers performed a seminal study of the transitional pulmonary circulation. The study demonstrated that ventilation and establishment of an air-liquid interface caused an immediate increase in pulmonary blood flow and a decrease in pulmonary arterial blood pressure.\[[@ref4]\] Evidence for an integral role for oxygen in the postnatal adaptation of the pulmonary circulation came first with the finding that while ventilation with nitrogen caused pulmonary vasodilation, ventilation with O~2~caused even greater pulmonary vasodilation.\[[@ref5]\]

The demonstration that fetal blood flow increased more than 3-fold when pregnant ewes were placed in a hyperbaric chamber provided clear evidence that an increase in fetal oxygen tension alone, absent of any other stimulus, could cause fetal pulmonary vasodilation.\[[@ref6]\] The discovery that during the transition of the pulmonary circulation prostaglandin production from pulmonary endothelium increased\[[@ref7]\] suggested that vasoactive mediators produced by the endothelium might modulate perinatal pulmonary vascular tone. While blockade of prostaglandin production prevented neither perinatal pulmonary vasodilation\[[@ref8]\] nor oxygen-induced fetal pulmonary vasodilation,\[[@ref9]\] the observation that pharmacologic blockade of endothelium-derived relaxing factor (EDRF), later identified as nitric oxide (NO),\[[@ref10]--[@ref12]\] prevented the postnatal adaptation of the pulmonary circulation\[[@ref13]\] demonstrated the critical importance of the pulmonary endothelium in the postnatal adaptation of the pulmonary circulation.

Pharmacologic inhibition of NO production also attenuated the decrease in pulmonary vascular resistance with both ventilation alone and ventilation with 100% O~2~, providing direct evidence that NO production played a key role in O~2~-induced fetal pulmonary vasodilation ([Fig. 1](#F1){ref-type="fig"}).\[[@ref14]\] Two separate studies found that O~2~-induced pulmonary vasodilation was either attenuated or prevented by blockade of NO in the chronically instrumented fetal lamb.\[[@ref15][@ref16]\] These findings, together with the observation that O~2~tension is capable of modulating NO production in fetal PA endothelial cells,\[[@ref17]\] implied that the increase in O~2~tension that occurs at birth may contribute to sustained and progressive pulmonary vasodilation by providing a stimulus for augmented NO production by the pulmonary endothelium.

![Hemodynamic effects of pharmacologic inhibition of nitric oxide (L-NA) on left pulmonary arterial blood flow (LPA flow; top panel) and mean pulmonary arterial pressure (MPAP; bottom panel) during sequential ventilation with low and high concentrations of oxygen. In comparison with control animals (closed circles; *n*=6 animals), inhibition of nitric oxide (open circles; *n*=7 animals) markedly attenuated rise in LPA flow during ventilation with low and high fraction of inspired oxygen concentration as well as the decline in mean pulmonary artery pressure during ventilation with high fractional concentration of inspired oxygen.\[[@ref14]\]](PC-2-15-g001){#F1}

Persistent pulmonary hypertension of the newborn {#sec2-2}
------------------------------------------------

In some newborn infants, pulmonary vascular resistance remains elevated after birth, resulting in shunting of blood away from the lungs and severe central hypoxemia.\[[@ref18]\] Infants with the condition, termed persistent pulmonary hypertension of the newborn (PPHN), often respond only incompletely to administration of high concentrations of supplemental oxygen or inhaled nitric oxide.\[[@ref19]\]

Although persistent pulmonary hypertension of the newborn (PPHN) may be the result of several divergent neonatal disorders, abnormal pulmonary vasoreactivity, marked pulmonary hypertension, incomplete response to vasodilator stimuli,\[[@ref20]\] increase in circulating levels of endothelin and histologic changes in the pulmonary vasculature (in infants dying as a result of PPHN) are all consistent hallmarks of the syndrome.\[[@ref18]\] Adverse intrauterine stimuli such as chronic hypoxia\[[@ref21]\] or hypertension\[[@ref22]\] can lead to pathophysiology that closely resembles PPHN. In fetal sheep, chronic intrauterine pulmonary hypertension leads to vascular smooth muscle cell proliferation, perivascular adventitial thickening\[[@ref23]--[@ref26]\] and a progressive decrease in the pulmonary vasodilator response to oxygen and acetylcholine.\[[@ref27]\] Data derived from fetal lambs with chronic intrauterine pulmonary hypertension due to ligation of the ductus arteriosus indicate that decreases in endothelial nitric oxide synthase (eNOS) gene and protein expression\[[@ref28][@ref29]\] may limit perinatal NO production, thereby contributing to the pathophysiology of PPHN.\[[@ref28]--[@ref30]\] In addition, sensitivity to NO may be decreased by chronic intrauterine hypertension.\[[@ref31]\] Evidence shows that intrauterine pulmonary hypertension causes pulmonary vascular smooth muscle hypertrophy\[[@ref24]\] and decreases myosin light chain phosphatase levels.\[[@ref25]\]

Endothelin, a 21 amino acid polypeptide elaborated by the endothelium, has been shown to be a powerful vasoconstrictor and mitogen. Identified in 1987, endothelin has complex actions during cardiopulmonary development.\[[@ref32][@ref33]\] Endothelin is essential for normal cardiovascular development, as mice lacking the endothelin gene manifest lethal vascular abnormalities, including a hypoplastic aortic arch.\[[@ref34][@ref35]\] Circulating levels of endothelin levels are increased in human infants with PPHN,\[[@ref32][@ref33]\] concomitant with a decrease in cGMP concentration.\[[@ref36]\] Endothelin receptor blockade in the ovine fetus results in substantial vasodilation,\[[@ref37]\] suggesting that endothelin plays a role in the closely circumscribed pulmonary blood flow that characterizes fetal life. Despite the advent of selective endothelin receptor antagonists for the treatment of pulmonary hypertension, none have been applied to PPHN. Enhanced understanding of the effects of endothelin on PA SMC from both normal and hypertensive fetuses will increase the likelihood that endothelin-based therapies might be applied to neonatal pulmonary hypertension.

Persistent pulmonary hypertension of the newborn risk factors {#sec2-3}
-------------------------------------------------------------

While an incomplete response to pulmonary vasodilator stimuli characterizes PPHN,\[[@ref38]\] the factors that definitively increase the risk of PPHN remain uncertain. Perinatal risk factors for PPHN include pulmonary parenchymal disease, such as meconium aspiration or pneumonia, which clearly increases the likelihood that infants will develop PPHN. Infants with congenital diaphragmatic hernia (CDH) possess physiology that is consistent with PPHN as pulmonary vascular resistance remains elevated and blood is shunted away from the lungs.

Lung structural abnormalities {#sec2-4}
-----------------------------

Children with congenital diaphragmatic hernia (CDH) are at risk for PPHN. The incidence of CDH is 1 in 2,000-3,000 live births.\[[@ref39]\] Despite meaningful advances in neonatal intensive care, the mortality rate in infants with CDH is approximately 60%. Refractory pulmonary hypertension is the primary cause of mortality in infants with CDH. In 1951, Reid et al. demonstrated that airway number, and therefore the alveolar, acinar and arterial number is reduced in both lungs of patients with CDH.\[[@ref40]\] The decrease is most pronounced in the lung that is ipsilateral to the defect.\[[@ref40]\] In infants with CDH, endothelial nitric oxide synthase expression is decreased\[[@ref41]\] and endothelin expression is increased.\[[@ref42]\] The cause for pulmonary vascular remodeling in CDH remains unknown.

Mode of delivery {#sec2-5}
----------------

Increasing evidence suggests that mode of delivery is a significant determinant of the relative risk of PPHN. In a well-considered, case-control trial performed in the United States Army population, infants delivered via Cesarean section possessed an almost 5-fold increased risk of developing PPHN compared to a demographically well-matched control population.\[[@ref43]\] While the study included almost 12,000 infants, only 20 developed PPHN. In this study, choramnionitis also conferred a significantly increased risk, more than 3-fold, of PPHN. The notion that Cesarean section delivery increases risk of PPHN is supported by data from an earlier study wherein mode of delivery, maternal race (Black, Asian) and high maternal body mass index each increased the likelihood of PPHN.\[[@ref44]\]

Antenatal drug exposure {#sec2-6}
-----------------------

Among the most significant risk factors for PPHN is maternal medication usage. Compared to control infants, in utero exposure to aspirin increases the risk of PPHN by 4.9-fold while NSAID exposure increases the likelihood of PPHN by more than 6-fold.\[[@ref45]\] The mechanistic link between these medications and the risk of PPHN may relate to the importance of prostaglandins in maintaining patency of the ductus arteriosus. Aspirin and NSAID block prostaglandin and thromboxane synthesis and may cause premature ductus arteriosus closure, and elevate both blood pressure and shear stress in the pulmonary circulation.\[[@ref22]\] Surgical ligation of the ductus arteriosus in sheep was initially described as a model for in utero pulmonary hypertension in 1972.\[[@ref46]\] Further insight into the implications of ductal ligation derives from a report by Abman et al. demonstrating that libation of the ductus arteriosus resulted in increased pulmonary vascular reactivity, increased muscularization of the pulmonary circulation and physiology entirely consistent with PPHN.\[[@ref47]\]

Recent epidemiologic studies have demonstrated an association between maternal use of selective serotonin reuptake inhibitors (SSRI) and PPHN, with SSRI use within the second half of pregnancy conferring a 6-fold increase in the risk of developing of PPHN.\[[@ref48]\] Interpretation of these data is confounded by the prevalence of maternal depression among women in childbearing years. The study had a case-control design and reported that among the 20 infants with PPHN, 14 had been exposed to SSRI in utero after week 20 of gestation.\[[@ref48]\] SSRI readily cross the placenta, as reflected by fetal cord blood levels corresponding to 30%-70% of maternal levels.\[[@ref22][@ref50]\] The mechanism whereby SSRI affect the fetal and neonatal pulmonary circulation remains unknown. However, data in adult mice indicate that overexpression of the 5-HT transporter gene potentiates hypoxic pulmonary hypertension by increasing vascular remodeling.\[[@ref49]\] SSRI may increase fetal serotonin (5-HT) levels. Serotonin is a potent vasoconstrictor and stimulates smooth muscle cell growth and proliferation.\[[@ref50]--[@ref53]\] Recent studies have demonstrated that SSRI infusion into the fetal pulmonary circulation results in potent and sustained elevation of pulmonary vascular resistance ([Fig. 2](#F2){ref-type="fig"}).\[[@ref54]\] Moreover, maternal treatment with the SSRI fluoxetine leads to pulmonary hypertension in rat pups, as evidenced by pulmonary vascular remodeling, right ventricular hypertrophy, decreased oxygenation, and higher perinatal mortality.\[[@ref55]\]

![Hemodynamic response of the fetal pulmonary circulation to intrapulmonary infusion of the selective 5-hydroxytryptamine inhibitor, sertraline, *P*\<0.05, versus baseline (*n*=16). Sertraline (10 mg) was infused over a 40-minute time period. Infusion of sertraline increased pulmonary vascular resistance. The pulmonary vasoconstrictor response to sertraline was sustained for at least 80 minutes after the completion of the infusion.\[[@ref54]\]](PC-2-15-g002){#F2}

Maternal smoking has also been linked to the development of PPHN. It is likely that maternal tobacco smoke exposure causes fetal hypoxia. In guinea pigs\[[@ref56]\] and rhesus monkeys, fetal oxygen content was decreased after cigarette smoke exposure.\[[@ref57]\] Hence, while cigarette smoking may indirectly increase the risk of PPHN in an infant, an epidemiologic link between cigarette smoking and PPHN remains elusive. Van Marter et al. were unable to link maternal smoking to PPHN,\[[@ref45]\] while a subsequent report demonstrated that among infants with PPHN, 64.5% had detectable levels of a nicotine metabolite in their cord blood compared to 28.2% of control infants.\[[@ref58]\]

Perinatal {#sec2-7}
---------

While the perinatal issues that predispose to PPHN are well recognized ([Table 1](#T1){ref-type="table"}), how each increases the risk of PPHN remains incompletely understood. Among the most well-recognized risk factors for PPHN is meconium staining of the amniotic fluid. Whether PPHN is a direct consequence of meconium aspiration or is a surrogate marker for in utero stress remains unknown. Meconium inactivates surfactant, causes lung inflammation and alveolar hypoxia resulting in pulmonary vasoconstriction. Meconium in the airway leads to obstruction, gas trapping, and lung overdistention and elevation of pulmonary vascular resistance.

###### 

Risk factors for the development of PPHN

![](PC-2-15-g003)

In the neonatal period, supplemental oxygen may increase pulmonary vascular resistance by increasing oxidative stress. High concentrations of inspired oxygen may potentiate endothelin-1 signaling and diminish eNOS expression.\[[@ref59]\] Hyperoxia impairs pulmonary vasodilation caused by inhaled nitric oxide in normal lambs after birth,\[[@ref60]\] perhaps by increasing phosphodiesterase type V activity.\[[@ref61]\] Superoxide production is increased in experimental models of PPHN.\[[@ref62]\] Superoxide anions rapidly combine with nitric oxide to reduce its bioavailability and forms peroxynitrite, a potent oxidant with the potential to produce vasoconstriction and cytotoxicity. Treatment with recombinant human superoxide dismutase (rhSOD) enhances vasodilation after birth.\[[@ref60][@ref62]\] SOD restores eNOS expression and function in pulmonary arteries of animals with PPHN,\[[@ref61]\] providing still further evidence that increased oxidant stress increases perinatal pulmonary vascular tone.

CONCLUSIONS {#sec1-2}
===========

PPHN remains a significant source of perinatal morbidity and mortality. The inability to either prevent or treat PPHN optimally confers great importance on early recognition of factors that increase the risk of PPHN. While there is information surrounding factors that might increase the risk of PPHN, knowledge remains incomplete. At present, delivery of infants via Cesarean section without the prior labor seems to pose the single greatest risk for a newborn infant to have PPHN. High maternal body mass index, maternal use of aspirin, nonsteroidal anti-inflammatory agents and maternal diabetes mellitus are additional factors that are associated with an increased risk for PPHN. Recent data suggest that maternal use of serotonin reuptake inhibitors might represent another important risk factor for PPHN. Infants with structural abnormalities of the lung, especially congenital diaphragmatic hernia, are also at increased risk for PPHN. Moreover, any in utero or perinatal insult that causes fetal or neonatal hypoxia will also increase the likelihood of PPHN ([Fig. 3](#F3){ref-type="fig"}).

![Schematic representation of persistent pulmonary hypertension of the newborn (PPHN). PPHN is characterized by abnormal vascular reactivity, cellular proliferation and vascular remodeling. Factors that contribute to the physiologic alterations that characterize PPHN include decreased production of vasodilator agents (nitric oxide, prostanoids) and an increase in endothelin production from the pulmonary endothelium, exposure to high concentrations of supplemental oxygen leading to increases in oxidative stress, activation of signaling pathways such Rho kinase and alterations in calcium-sensitive potassium channel expression. The overall effect is compromised pulmonary vasodilation, extra-pulmonary shunting of blood away from the lung and severe, central hypoxemia.](PC-2-15-g004){#F3}
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